A fibre-reinforced plastic (FRP) box is an important class of structural component employed as the bending, torsion, or bending-torsion load bearing member in the modem light-weight structures. This paper presents various steps involved in the design of such a box beginning with preliminary analysis and optimization to the final sizing. The box made up of carbon fibre composite is a typical numerical example of such FRP construction. Numerical results obtained from the static stress analysis, the panel buckling analysis and the structural optimization as used for this sizing exercise, are presented. It is believed that the complete procedure of analysis using finite element method and then sizing of any FRP box in a comprehensive way, is reported for the first time.
INTRODUCTION
Sizing of any structural colT}ponent is an ultimate task which should be performed by a designer as efficiently and accurately as possible. In most of the situations, the analysis of complete structural assembly becomes essential for the requirements of appropriate simulation of the actual boundary conditions and to include the structural continuity effects on the numerical values of the design stresses required in sizing of a structural component. Therefore, in the sizing of any fibre-reinforced plastic (FRP) composite box, the state of stresses developed in the box is obtained from the analysis of the entire structure of which the box is a basic component, with the simulated boundary conditions and appropriate loading. An aft box used in the aircraft lifting surface could be considered as one of the applic;ations of the FRP multi box construction and, therefore, is taken here as a typical representative numerical example for sizing. Each box in any multi60x construction is formed by top and bottom skins of the layered composite FRP materials, supported generally either on a full depth foam or a honeycomb core , or on a framework of spars and ribs. While the design Qf the foam or honeycomb core type support is mainly accomplished on the selection of its suitable density, the spars and ribs in a framework type of supports, fabricated either as co-cured or co-bonded or co-cured-co-bonded with skin need be sized appropriately.
Structural components made of light-weight laminated fibre-reinforced plastic composite are being used extensively in aerospace, and marine structures. Minimisation of weight by modification of the shape through any mathematical approach invariably involves a number of analysis and design procedures and it becomes essential to develop complete steps of analysing and sizing of FRP constructions used in a fighter aircraft in particular and other structures of field combat in general. The present work is an important effort in this direction.
CONFIGURA TION
The cross-section of the spars or ribs considered here for sizing consists of shear webs and top and bottom flanges. Figure 1 gives the line diagram of a multibox type supporting frame for a typical lifting surface, indicating the location of the box identified for this sizing exercise. The various steps involved in the process, beginning from analysis and design phases through panel buckling and structural optimisation to the final sizing of the components are described here. Subsequently, the effect of change in the stress and deflection values due to the change in loading patterns is studied to ascertain the percentage difference in the numerical values obtained while using uniformly distributed load, as in Fig. 4 , is given in Table 1 . By comparing these results with the design allowable, the boundaries of the skin thickness variations are marked and various constant thickness zones, needed for optimization, are identified as shown in Fig. 5 . The direction of zero degree fibre is also correctly oriented at this stage so as to follow the direction of the principal stresses. For the sake of completeness, static re-runs are made to study the effect of the change in fibre orientation on the result, and the most optimal one is considered for further analysis as marked in Fig. 6 . All these results thus obtained form the appropriate input Fig. 7 and are used in subsequent phases.
PHASE" : PANEL BUCKLING UNDER
COMBINED AND INDIVIDUAL LOADS Panel buckling plays an important role in the sizing of any structural component. Often a structural failure is dictated by buckling rather than the strength of the material. In the literature, several standard data sheets are available to evaluate the buckling strength of the panel made up of metallic material under pure shear , pure bending and the combination of shear and bending loads. However, due to the various possible ppr""1utations and combinations that the composite materials offer in terms of the layup sequence in a panel, it becomes rather difficult to compile single data sheet unlike that in the case of metallic materials. In the absence of such data sheets, the designers generally create the required limited data, relevant to the given situation. In this phase the design data pertaining to panel buckling under pure shear and pure bending cases is created. The layup for the carbon fibre composite (CFC) skin panel is described, neglecting the effects of The panel buckling analysis under individual and combined loading is then carried out for a few laminates representing the skin and shear web panels for the box, respectively. Typical of these data plots are presented in Fig. 9 . To study the effect of panel dimensions on the buckling parameter, different panel aspect ratios are considered and these results are plotted and a typical of these plots is shown in Fig. 10 .
sequencing in view of small thickness. Four different triallayups are considered for the spar and rib webs as given in Fig. 8 . The equivalent orthotropic properties of these layups which were used in Phase I are also given in the figure. The general purpose finite elemel1t software ELFINI is used to obtain the buckling solutions. Triangular plate bending elements are used for the idealisation. Simply supported boundary conditions are simulated ~t the boundary nodes along the edges. Isostatic boundary conditions are applied for the in-plane displacements to suppress the in-plane rigid body displacement. The relevant loading, either pure shear, pure bending or the combination of both, is achieved by applying the appropriate loads on the boundary nodes. The combined stresses induced in the skin and webs, as appropriate under different load cases ( as obtained in Phase I) are applied on the panel for the buckling analysis to simulate the actual panel loading conditions. software with optimization capability is used for this purpose. At the end of each iteration of the optimization calculations, a new finite element mesh is generated using the optimum values of the design variables so obtained.
A convergence study on the values of design variables and the objective function showed that the converged optimal solution is reached at tI-e fifth iteration. The optimized total thickness and the number of layers in each direction is thus obtained for the top and bottom skins. The stress and buckling analysis, i.e., from Phase I to Phase III are then repeated tiU no change is noticed in the final results for the skin over the identified box (Fig. 11) .Results for the entire lifting surface, obtained during optimization showing the effects of variations in various design parameter values on the objective function are given in Table 2 . structural optimization to sizing of the individual members is reported. It is hoped that this paper will set the procedural guidelines for such sizing exercises for the structural designers.
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The author is thankful to Shri VK Bakshi and Dr K Shamsundar for providing technical facilities to conduct these studies in India and abroad. elements, mainly the webs, based on the maximum stress flows that are now available from the previous phase. The numerical calculations using these design stresses developed in the member for shear loads are compared with the allowable and are shown in Table  3 . The results of final sizing calculations for combined bending and shear are reported in Table 4 .
CONCLUSION
The complete procedure of analysing and designing of an FRP box using finite element analysis through
